Addition and removal of presynaptic terminals reconfigures neuronal circuits of the 11 mammalian neocortex, but little is known about how this presynaptic structural plasticity is 12 controlled. Since mitochondria can regulate presynaptic function, we investigated whether the 13 Figure 1 -Tracking bouton plasticity and mitochondrial positioning in axons of motor cortex 1 neurons. (A) AAV expressing cytosolic EGFP and a mitochondrial targeting sequence (MTS) 2 conjugated to TagRFP was injected in to M1/M2 and a glass cranial window was implanted over 3 S1. (B) A series of coronal brain slices showing viral injection site across the M1/M2 border (inset, 4 top) and the axonal projection site at S1 under the cranial window (inset, bottom). Only the 5 ipsilateral half of brain sections are shown. Pr = parietal cortex, D = dorsal, L = lateral, A = anterior. 6 (C) Cropped 2P images from in vivo imaging show axons with high EPB (EPB-rich) or TB (TB-rich) 7 densities. (D) (top) Imaging timeline for tracking bouton structural plasticity (loss and gain). Viral 8 injection and cranial window implantation were performed 24 days prior to initial 2P imaging. 9 Arrowheads indicate imaging timepoints. (bottom) Structure and mitochondrial localisation in a 10 single cropped axon over 35 days imaged using in vivo 2P microscopy. Some boutons are labelled 11 with arrowheads to show examples of stable (yellow), lost (red) or gained (green) boutons. (E) 12
superficially within layer 1 (Figure S1, S2). By placing a cranial window over somatosensory 23 cortex, we imaged segments of these long-range axons within layer 1 using in vivo 2P 24 microscopy. Mitochondria, putative en passant boutons (EPBs) and terminaux boutons (TBs) 25 were clearly identified as increases in fluorescence intensity along the local axon backbone 26 ( Figure 1C , see Methods). We tracked structural synaptic plasticity of individual boutons by 27 repeated imaging of the same axons at daily and weekly intervals over a total of up to 35 days 28 ( Figure 1D ; n=12 animals, 306 axons). Visual inspection ( Figure 1C ) and statistical analysis 29 based on the density of EPBs and TBs along each axon ( Figure 1E ) indicated that axons were 30 mostly either EPB-rich or TB-rich. As this is the first characterisation of boutons in this axonal 31 pathway, we compared the density and turnover of boutons in individual axonal branches 32 ( Figure S3 ). While there was a higher density of boutons in TB-rich axons, no differences were 33 found in bouton turnover between EPB-rich and TB-rich axons ( Figure S3 ). 34 As mitochondria can support presynaptic function, we assessed whether the numerical 35 density of boutons and mitochondria are correlated in axons (population mean over time was 36 1.09 ± 0.41, 1 S.D., and 0.69 ± 0.23 per 10 µm, respectively; Figure 2A ). For individual axonal 37 segments (median length of 75 µm, Figure S4 ), there was a strong correlation between the 38 densities of mitochondria and putative boutons (mean over time; Pearson's correlation, R 2 = 39 0.50, p = 1.16 x 10 -20 ; Figure 2B ). This suggested that the formation and/or elimination of 40 boutons may relate to the mitochondrial population. To assess this, we compared the fraction correlations between the fraction of boutons that were dynamic on each axon (lost or gained; 7 bouton dynamic fraction) and either: (left) the number of mitochondria relative to the number of 8 boutons (mitochondrion-to-bouton ratio), or (right) mitochondrial density. Results from the first 9 weekly interval (between days 7 and 14) are shown (n = 196 axons over all weekly intervals, RS = 10
Spearman's rank correlation, see Table S1 ). 11 12 of dynamic boutons (loss and gain) to mitochondrial density ( Figure 2C ). Bouton dynamics 13 were not significantly correlated to mitochondrial density in axonal segments at daily or weekly 14 intervals (Rs = 0.005, Spearman's correlation, p = 0.944; Figure 2C , Table S1 ). Similarly, there 15 was no apparent correlation between bouton dynamics and mitochondrion-to-bouton ratios (Rs 16 = 0.024, Spearman's correlation, p = 0.733; Figure 2C , Table S1 ), indicating that the overall 17 availability of mitochondria along a stretch of axon is not related to the degree of structural 18 plasticity occurring there. 19 As the overall density of axonal mitochondria was related to bouton density, but not to 1 bouton dynamics, we assessed if there was instead a more local relationship between individual 2 boutons and mitochondria near them. Based on previous studies and effective resolution limits 3 of our imaging, we chose 1.5 µm as a biologically-relevant distance to presynaptic terminals 4 (Smith et al., 2016; Smit-Rigter et al., 2016; see Methods) . Whereas most mitochondria (65%) 5 were found within 1.5 µm of presynaptic terminals (centroid-to-centroid distance, Figure 3A ), 6 only a minority of the total pool of putative boutons (44%) had mitochondria closer than 1.5 was plotted against the results from 1000 rounds of randomised positioning of boutons for 10 comparison to chance levels. Median ± range (shaded area). Kolmogorov-Smirnov (K-S) test 11 between real data and the median of randomised positioning. As a further control, the real bouton 12 positions were mirrored along the axon backbone to maintain the inter-bouton distances (black 13 line) resulting in a similar distribution to the randomised positioning. (B) Same as in (A), but for 14 boutons and their nearest mitochondrion compared to results from randomised/mirrored 15 positioning of mitochondria. (C) Illustration of the routine for randomising positions. The original 16
image was manually traced and a 2D skeleton interpolated from the segmented line trace. TBs 17
were approximately placed at the nearest point on the axon backbone (their base) for randomising 18 in 1D. The 2D skeleton was then straightened to 1D and either mitochondria were randomly 1 positioned alongside real bouton positions, or vice versa. (D-E) Same as in (B), but for TBs only 2 (D; using TB base position, see G) or EPBs only (E). (F) A greater proportion of EPBs have 3 mitochondria within a biologically-relevant distance (1.5 µm, see Methods) than TBs (day 0 data; 4
Chi-squared test). When mitochondrial localisation was considered from the TB base instead of 5 the head the difference was lost (Chi-squared test). Error bars ± 95% C.I. (G) Estimated location 6 of TB bases was achieved by finding the nearest neighbour point on the axon backbone that was 7 closest to the TB head and re-plotting the TB to that position. 2P images were cropped for easier 8 visualisation. 9 10 µm ( Figure 3B ). This local organisation did not occur by chance, as randomising or mirroring 11 positions of either mitochondria or boutons along the axon backbone resulted in greater 12 distances between them ( Figure 3A , B, C). To determine if the structure of boutons affected 13 the ability for mitochondria to localise there, we divided the bouton population in to EPBs and 14 TBs.
15
There was a higher likelihood of mitochondria at EPBs (45 ± 3%, 95% C.I.) than TBs
16
(measured from TB head, 27 ± 3%; Chi-squared test, p < 0.0001; Figure 3F ). It is possible that 17 mitochondria reside near TBs, but do not traverse their neck region; therefore, we estimated 18 the location of the base of TBs by re-plotting them to where they joined the axon backbone 19 ( Figure 3G ). The probability of mitochondria at the base of TBs was higher (42 ± 3%) than at 20 the head, and not different from that of EPBs (data from day 0; Chi-squared test, p = 0.188; 21 Figure 3F , G).
22
Given that mitochondria have been implicated in the control of presynaptic function, we 23 hypothesised that mitochondrial presence may relate to bouton maturity. To test this 24 hypothesis, we separated boutons by age (new or pre-existing; Figure 4A ). New boutons were 25 those formed between daily imaging sessions (<24 hours old), whereas pre-existing boutons 26 were present before imaging began (mixed ages). Some pre-existing boutons would have been 27 formed in the previous day and should have been classed as new boutons, but we estimated this 28 to be <10% of the total population as this was the rate of daily bouton formation ( Figure S5 ).
29
Pre-existing boutons were more likely than newly-formed boutons to have a resident 30 mitochondrion (proportion with mitochondria on first day tracked, pre-existing 38 ± 2%, new 31 32 ± 4%, 95% C.I., Chi-squared test, p = 0.0024; Figure 4B ). However, new boutons were still 32 more likely to have mitochondria nearby than predicted by chance (17 ± 3%, 95% C.I., Chi-33 squared test, p < 0.0001), as were pre-existing boutons (17 ± 2%, Chi-squared test, p < 0.0001; 34 Figure 4B ). Further to this, the likelihood of mitochondrial presence at long-lived boutons 35 (those that survived from the start) rose over time (new boutons 28 ± 12% to 43 ± 13%, pre-36 existing 46 ± 4% to 52 ± 4%, Cochran's Q test, new, p = 0.235, pre-existing, p < 0.0005; Figure   37 4C). This was not the case with randomised mitochondrial positions, suggesting it is not a 38 chance phenomenon (pre-existing 15 ± 3% to 18 ± 3%, new 13 ± 9% to 22 ± 11%, Cochran's 39 Q test, new, p = 0.578, pre-existing, p = 0.134). It was also not due to a general trend towards 1 increased synaptic localisation of mitochondria over time, as this was stable across the imaging 2 paradigm ( Figure S6 ). These data show that the longer a bouton survives, the more likely it is 3 to have a mitochondrion nearby. were more likely to have mitochondria (<1.5 μm) than newly-formed boutons (Chi-squared test). 1
Newly-formed boutons had more mitochondria present than with randomised positioning of 2 mitochondria, as did pre-existing boutons (Chi-squared test). Error bars ± 95% C.I. (C) Boutons 3 that were present in every timepoint after day 2 (after all newly-formed boutons were identified) 4 had their mitochondrial localisation tracked. Pre-existing boutons showed a significant increase in 5 mitochondrial presence (Cochran's Q test: X 2 (6) = 51.359, p < 0.0005). New boutons also showed 6 an increase; however, this was not statistically significant (Cochran's Q test: X 2 (5) = 6.81, p = 7 0.235). When mitochondrial positions were randomised, both new and pre-existing boutons did not 8
show significant increases in mitochondrial localisation (Cochran's Q test: New, X 2 (5) = 3.807, p = 9 0.578; pre-existing, X 2 (6) = 9.787, p = 0.134 It has been shown that newly-formed cortical boutons tend to be lost more quickly than pre-21 existing boutons (Ash et al., 2018 , Qiao et al., 2015 . Here, we show this is also true for boutons 22 on long-range axons of motor cortical neurons, where less than 30% of new boutons survived 23 more than 1 week compared to ~70% survival for pre-existing boutons (median survival: new, 24 4 days, pre-existing, 35 days, Logrank test, p < 0.0001; Figure 4D ). Interestinglydespite their new TB, 6 days, pre-existing EPB and TB, 35 days, Logrank test, new, p = 0.0006, pre-existing, 28 p = 0.154; Figure 4F ). This aligns with the similarity in overall bouton turnover rates between 29 EPB-rich and TB-rich axons ( Figure S3 ).
30
To determine if mitochondria relate to the stability of individual boutons locally, we 31 assessed the survival of boutons with and without mitochondria. For new synaptic boutons, the 32 chance of being removed was only slightly reduced if mitochondria were present (20% relative 33 reduction after first day, without mitochondria 45 ± 6%, with mitochondria 36 ± 8%; Chi-34 squared, p = 0.031; Figure 4G ). However, the effect was much more pronounced for older, pre-35 existing boutons, in which having mitochondria decreased the probability of subsequent 36 removal by ~60% (loss after first day, without mitochondria 17 ± 2%, with mitochondria 7 ± 37 2%; Chi-squared, p < 0.0005; Figure 4H ). This relationship between mitochondrial proximity 38 and enhanced bouton survival was consistent across time for pre-existing boutons ( Figure S7 ).
39
As localisation of mitochondria at TBs and EPBs appeared to be different, we assessed the 40 impact of having resident mitochondria on the survival of the two bouton types separately for 41 pre-existing boutons. Indeed, mitochondrial presence was strongly related to decreased loss of 42 1 boutons is weakly related to local mitochondrial presence, but this relationship becomes 2 stronger and more consistent as boutons age. It has long been reported that many, but not all, presynaptic release sites have mitochondria 5 in close proximity to them (Gray, 1959; Shepherd and Harris, 1998; Chang et al., 2006; Kang 6 et al., 2008; Obashi and Okabe, 2013; Smit-Rigter et al., 2016; Vaccaro et al., 2017) . We found 7 that axonal mitochondria in motor-somatosensory neurons are also preferentially associated 8 with a subpopulation of synaptic boutons (Figure 3 , 4B-C), suggesting bouton-specific 9 recruitment and/or anchoring mechanisms (Kang et al., 2008 , Courchet et al., 2013 . The fact 10 that mitochondria can modulate synaptic function suggests that having a resident 11 mitochondrion may also relate to the activity-dependent plasticity of the synapse. Here, we 
29
Our data suggest that any link between mitochondria and plasticity is local to neighbouring 30 synapses. This is because, although the density of mitochondria along different axonal branches 31 varied considerably, it did not correlate with rates of bouton plasticity at the branch level 32 ( Figure 2 ). In contrast, close proximity of mitochondria (within 1.5 μm) did relate to individual 33 bouton stability ( Figure 4 ). Furthermore, we found that mitochondria were generally located 34 closer to EPBs than to TBs (Figure 3 ). This may be because physical access to the bouton head 35 is restricted by the neck of TBs or could reflect functional differences between bouton types.
36
Indeed, the difference in proximity was mirrored by the fact that local mitochondria were 37 strongly linked to survival of EPBs but not TBs. Potentially divergent plasticity mechanisms 38 at TBs and EPBs highlights the need for further investigation of the underexplored differences 1 between different axonal bouton types. 
21
(2009) was followed for cranial window implantation, which is briefly described below with 22 amendments.
23
Animals were anaesthetised using gaseous isoflurane at 3-4% for induction and 1-2% to 24 sustain anaesthesia throughout surgery, carried by O2. The top of the head was shaved and 25 placed in a stereotaxic frame, and the scalp and periosteum were removed. The skull bone was 26 kept moist throughout surgery with cortex buffer.
27
The intracranial viral injection site was measured +0.7 mm lateral (always to the right) and Animals were left for ~24 days before imaging to allow for any inflammation to clear under 10 the window and to allow viral expression. was matched between sessions by adjusting laser power because of differences in window 38 quality between imaging sessions, which altered the signal-to-noise ratio. Up to 7 ROIs were 39 chosen per animal and each imaging session was kept between one and two hours.
40
Axons were tracked for up to 35 days after the initial session, for a total of nine sessions 1 (ethical limit) or until the cranial window was no longer optically clear due to bone regrowth 2 or dural thickening. A small proportion of ROIs were first tracked at days one and two, rather 3 than day zero of the imaging paradigm. Most ROIs and animals were tracked for the entire 4 imaging time series. for up to 1 week. The brains were then sectioned in optimal cutting temperature (OCT) solution.
25
Sections were directly mounted on glass microscope slides with No. Imaging of cleared tissue: The cleared brain was immersed in a small volume (5-10 mL) of 37 mounting medium (X-CLARITY mounting solution) inside a 50 mL Falcon tube for at least 2 38 h before mounting. It was then placed in the centre of a circular wall of blu-tac inside the lid 1 of a 35 mm dish to create a water-tight well. The well was filled partially with fresh X-2 CLARITY mounting medium and the chamber was sealed on top with a 35 mm coverslip 3 pressed in to the blu-tac. The chamber was filled from a small inlet in the blu-tac using a 200 4 μL pipette and the inlet was sealed by squeezing the blu-tac back together. Boutons in separate timepoints were linked if they were in the same place relative to fiducial 2 markers, including any crossing axons, kinked structure or other persistent boutons. Any 3 bouton that was lost from the field of view for one timepoint (through a shift in alignment in 4 the x-or y axes) was excluded entirely. All boutons were scored blind to the mitochondrial 5 signal.
6
En passant boutons (EPBs) were larger in volume than the axon backbone and therefore had 7 higher intensity relative to the backbone due to increased numbers of fluorescent molecules 8 (cytosolic EGFP). An EPB had to have contiguous pixels in the x-, y-and z-axes to ensure it 9 was not the result of noise. The intensity profile of an EPB needed to include sharp edges 10 (relatively steep curve either side of peak) to exclude gentle changes in the axonal thickness.
11
If the peak of an EPB was twice that of the local axon backbone (1.5 μm either side of the , 2013; Song et al., 2016) .
16
Terminaux boutons were scored as unilateral protrusions from the axon backbone with a 17 bulbous appearance and sometimes consisted of a resolved thin neck that extended for less than 18 5 μm. Those extending for longer than 5 μm were considered to be axonal branches (Grillo et 19 al., 2013) .
20
A small proportion of boutons changed bouton type (en passant or terminaux) over the time 21 series and so those boutons were classified based on their predominant type.
22
Mitochondria were identified as discrete objects that were 2x the global median background 23 signal, with contiguous pixels in the x-, y-and z-axes and steep edges to their intensity profile.
24
The axonal EGFP signal was used to verify that each mitochondrion was inside the axon only 25 after it was scored.
26
Data analysis: A priori power calculations were performed in G*Power software (Faul et al., 27 2007) to calculate the number of newly-formed boutons required to detect a 10% difference in 28 survival between the two mitochondrial conditions (less than or greater than 1.5 μm from a 29 bouton). This calculation resulted in an estimated sample size of 450 newly-formed boutons.
30
The number of animals required to achieve this was estimated from pilot studies to be 10-15 31 animals. In this study, 21 animals were used, 15 were imaged and 12 produced high-quality 32 data that was included (see exclusion criteria below).
33
The final dataset was obtained from three different batches of littermates. A total of 51 ROIs 34 and 306 axons were tracked. The total number of mitochondria counted across all timepoints 35 was 11,264 along with 4,892 unique boutons. Mitochondria were not linked between 36 timepoints because they lacked individuality due to their ability to move, fuse and split.
37
Some data were excluded from the final dataset. Any ROI that was too dim for accurate 38 axon tracing (subjectively based on analyst experience) within the first four timepoints was not 39 tracked. Any axon where the signal-to-noise in a session was low enough that the scorer could 40 not be confident in bouton scoring was removed. Data from one animal that had only 2 axons 1 tracked was also removed.
2
The bouton dynamic fraction was calculated as the proportion of unique boutons on an axon 3 that were either lost or gained. Specifically, the sum of gains and losses divided by the total 4 number of unique boutons across the two timepoints: (gained + lost)/(gained + totaltime1). or boutons were then removed and randomly re-plotted along the axon without being placed 26 closer than 1 μm together. Intervals of at least 1 μm were chosen to attempt to match the 27 resolution limit with which two objects could be resolved using the 2P microscope in this study.
28
This was repeated 1000 times for each axon and the range plotted. Supplementary Table: 1 Table S1 . Spearman's rank correlation at each timepoint to assess the correlation between 2 mitochondrial density and the fraction of dynamic boutons. Weak and non-significant correlations 3 between bouton dynamic fraction and mitochondrion-to-bouton ratio or mitochondrial density were 4 seen. RS = Spearman's rank correlation, n = 196 axons over all weekly intervals, n = 224 over all 5 daily intervals. 6 mitochondrion nearby, suggesting that increased mitochondrial localisation to long-lived boutons 4 ( Figure 4C ) is a function of bouton age and not time alone. (B) Mitochondria were also no more likely 5 to localise to presynaptic terminals throughout the imaging paradigm. in each group (with or without mitochondria) at the start and end of the experiment. The two groups are 9 plotted either side of each imaging timepoint for easier visualisation of error bars. 10
Mitochondrion-to-bouton ratio

